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I. INTRODUCTION 

Neutrino physicists are living a very interesting 
time, in which several fundamental facts, 

(Fl) there are three active light neutrinos (I'e, f^, 

(F2) the mass of light neutrinos is smaller than a 
few eV, 

(F3) there are solar i/g — s- v^j^^Vr transitions, 

(F4) there are atmospheric transitions, 

(F5) atmospheric and long-baseline oscillations 
are suppressed, 

(F6) short-baseline oscillations of Vf. and are sup- 
pressed, 

have been experimentally established with a reason- 
able degree of reliability and several fundamental 
mysteries, 

(Ml) which is the absolute scale of neutrino masses? 

(M2) are neutrinos Dirac or Majorana particles? 

(M3) which is the number of massive neutrinos? 

(M4) are there transitions of active neutrinos into 
sterile states? 

(M5) is there CP violation in the lepton sector? 

are under investigation. The known facts about neu- 
trino masses and mixings are important for the for- 
mulation of theoretical frameworks and of experi- 
mental strategies for the future clarification of the 
mysteries. For an extensive and updated list of ref- 
erences see Ref. ^ . 

In this review, I will briefly summarize the exper- 
imental evidences in favor of the above-mentioned 
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facts ( |(F2)| )-( [(F5)| ) and I will show that they can be 
accommodated elegantly in the framework of three- 
neutrino mixing. I will not discuss the already well 
known experimental proof that there are only three 
active light neutrinos (fact |(F1)| above, see Ref. [|j). 
For lack of space I will not review the abundant 
experimental evidences of the fact |(F6)| above (see 
Refs. 0, H, D) and I will not discuss the status of 
the four- neutrino mixing hypothesis (see Ref. ||), 
which was proposed in order to accommodate also 
the claim of short-baseline transitions in 

the LSND experiment (see Ref. Q). This hypothe- 
sis is now disfavored by data (see Ref. |^) and my 
opinion is that it should be put under hibernation 
waiting for its final elimination or resurrection by 
new data (especially crucial will be the check of the 
LSND result in the MiniBooNE experiment j^). 



II. SOLAR NEUTRINOS 

All solar neutrino experiments (Homestake 0], 
SAGE §, GALLEX GNO 0, Super- 

Kamiokande [0, SNO ||l^) measured a suppres- 
sion of the observed rate with respect to the one 
predicted by the Standard Solar Model (SSM) 
The only exception is the neutral-current reaction 
ly + d—^p + n + iyin the SNO experiment [ p^ , 
which is equally sensitive to all active neutrino fla- 
vors, whose rate is in good agreement with the SSM. 
This measurement has marked the triumph of the 
SNO experiment, which measured also a suppres- 
sion of a factor 0.35 ± 0.02 of the flux of solar 
z^e's with respect to the SSM through the charged- 
current reaction i'e + d—>p + p + e~ |l^ . The dis- 
crepancy between the neutral-current and charged- 
current suppressions is a clear and impressive model- 
independent evidence of tr ansitions of solar i/e 's into 
active ly^ or Vr (fact |(F3)| above). The existence of 
solar Vf, ^ v^, Vt transitions is also supported by the 
comparison of the different suppressions of the rate 
of the SNO charged-current reaction [|l2j and the 
rate of the elastic scattering reaction i/-}-e^ — s- v+e~ , 
which is mainly sensitive to v,, but has also a small 
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sensitivity to and Vt (crj^^^^ — a^^ j'S), measured 
in Super-Kamiokande Q and SNo'lll. 

Let me emphasize also the importance of the 
Homestake experiment [Q, in which the solar neu- 
trino problem was discovered, and the Gallium 
SAGE g, GALLEX g and GNO experiments, 
which are sensitive to the fundamental flux of 
neutrinos (see Ref. Moreover, the results of all 

neutrino experiments are necessary in order to get 
information on the neutrino mixing parameters. 

The global analysis of all solar neutrino data in 
terms of ^ v^, Vr performed in Ref. [[l4| yielded 



0.24 < tan2 i9g < 0.89 , 

2.3 X 10-5 < Am|/eV^ < 3.7 x 10"'' , 



(2.1) 



at 99.73% C.L. (3cr), where Am^ is the relevant 
neutrino squared-mass difference and i?g is the ef- 
fective mixing angle in tw o-gen eration analyses of 
solar neutrino data. In Eq. (2.1) I reported only the 
boundaries of the so-called LMA region (see Ref. §), 
which is currently favored, because it is much larger 
than other regions (a LOW region and three VAC 
regions appear at 99% C.L.) and it contains the min- 
imum of the (best fit) at 



tan^ i9g ~ 0.42 , Am^ ~ 5.0 x 10"*^ eV 



(2.2) 



The limits in Eq. (2.1) show that the mixing rele- 
vant for solar neutrino oscillations is large. However, 
maximal mixing seems strongly disfavored from the 
analysis of solar neutrino data in Ref. jlj]. This 
conclusion is supported by the results of some other 
author s |ll|, [Tsl, |l6|, |l8| , whereas the authors of 
Refs. [pj| |19|, ^0|, pil found slightly larger allowed 
regions, with maximal mixing marginally allowed. 
Therefore, it is not clear at present if maximal mix- 
ing in solar neutrino oscillations is excluded or not. 

In particular, the authors of Refs. ^ found a 
larger LMA region and several allowed LOW+QVO 
and VAC regions, where QVO indicates the region 
at Amg ~ 10~^ eV^ where both matter effect and 
vacuum oscillations are important. 

The authors of Ref. ||l^ found that taking into ac- 
count only the most recent Gallium data (taken in 
the period 1998-2001, with improved systematic un- 
certainty with respect to the earlier data) the LOW 
region is less disfavored with respect to the LMA 
region. 

In any case, there are good reasons to believe that 
the SNO experiment has solved the solar neutrino 
problem proving its neutrino physics origin and the 



presence of i/g 



, Vt transitions, and that the cur- 



rent data indicate a large mixing. The final confir- 
mation of the true allowed region will hopefully come 
from the results of the KamLAND H or BOREX- 
INO p3[ experiments. 
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" inverted" 

The two possible types of three-neutrino 



III. ATMOSPHERIC NEUTRINOS 



In 1998 the Super-Kamiokande experiment found 
model independent evidence of disappearance of at- 
mospheric I'^'s 1^^ , which is supported by the re- 
sults of the K2K long-baseline experiment p5{ , of the 
Soudan 2 ^ and MACRO ^ atmospheric neu- 
trino experiment. The atmospheric neutrino data 
of the Super-Kamiokande experiment are well fitted 
by i^p, — *■ i^T transitions with large mixing (fact |(F4)| 
above) : 



1.2 X 10"^ < Am^eV^ < 5.0 x 10"^ 
sin^ 2i9a > 0.84 , 



(3.1) 



at 99% C.L. 



where Ami is the relevant neutrino 



squared-mass difference and is the effective mix- 
ing angle in two-generation analyses of atmospheric 
neutrino data. The best fit is at 



sin^ 2??A = 1-0 , Ami - 2-5 x 10"^ eV 



(3.2) 



Furthermore, other oscillation channels (v^ ^ or 
i^i^i ^ i^s, where Vs is a sterile neutrino) as well as 
other mechanisms (as v decay) are disfavored. 

In the future, the K2K experiment will improve 
its results taking more data and the MINOS ||2^ 
long-baseline experiment will measure with better 
accuracy the mixing parameters in Eq. ( ^.l| ). The 
long-baseline experiment ICARUS Q and OPERA 
[ pl| will be aimed at direct observation of Vr 
transitions. 



IV. THREE-NEUTRINO MIXING 

Solar and atmospheric neutrino data can be well 
fitted in the framework of three-neutrino mixing (see 



3 



Ref. g]) with the hierarchy of squared-mass differ- 
ences 



Ami = ^"i2i < |Am3i| ~ Am 



A ; 



(4.1) 



m^, — m'j for fc,j — 1,2,3, and 
mi, 7712, 7713 are the three neutrino masses. 

Figure |l] shows the two possible types of three- 
neutrino schemes: a "normal" type (a) and an 
"inverted" type ( b). T he absolute scale of these 
schemes (mystery [(Ml) above) is not fixed by neu- 
trino oscillation experiments, which can measure 
only squarcd-mass differences. The normal three- 
neutrino scheme allows the natural mass hierarchy 



mi <C m2 < ma , 



(4.2) 



whereas the inverted scheme allows the so-called "in- 
verted hierarchy" <C mi ~ m2- 

The absolute scale of neutrino masses is bounded 
from above by the results of Tritium /J-decay exper- 
iments, which found [B4 



m^^<2.2eV (95% C.L.) , 



(4.3) 



Since in the case of neutrino mixing does not 
have a definite mass, but is a superposition of mas- 
sive neutrinos, the limit in Eq. (4.3) is a bound 
on the masses of the main massive neutrino com- 
ponents of Vg. In the three- neutrino schemes in 
Fig. all the neutrino masses are constrained by 
the limit in Eq. (4.3). An independent confirmation 
of this limit comes from the study of the formation 
of large-scale structures in the Universe |3^, |^ . In 
the future the KATRIN experiment |3^ will probe 
the effective electron neutrino mass in Tritium de- 
cay down to about 0.3 eV. Unfortunately, in the case 
of the natural s che me in Fig, j ^a wi th t he neutrino 
mass hierarchy (4.2), Eqs. ( |3.lD and (4.1) imply that 
"^3 ^ 7 X 10~^ eV, which is beyond the reach of the 
KATRIN experiment. 

Let us discuss now the current information on the 
neutrino mixing matrix U . Since the solar neutrino 
transitions of v^. in or Vr cannot be experimentally 
distinguished because the energy is well below the 
threshold for charged-current reactions with produc- 
tion of /i~ or r~, solar neutrino oscillations depend 
only on the elements Uei, Ue2, t^es of the mixing 
matrix. On the other hand, the hierarchy ( [4.1| ) of 
squared-mass differences in the two possible three- 
neutrino schemes in Fig. |l| implies that atmospheric 
(and long-baseline) neutrino oscillations depend only 
on the elements Uez, Up^s, Ut3 (see Ref. g). Since 
Amg = Amji and Am^ ~ jAmgj^l are indepen- 
dent, the only quantity that connects solar and at- 
mospheric neutrino oscillations is Ues- Therefore, 



any information on the value of Ue3 is of crucial im- 
portance. 

From the results of the CHOOZ long-baseline re- 
actor neutrino experiment p6[ , it is known that the 
element Ues of the three-generation neutrino mixing 
matrix is small lEltl: 



lUesf < 5 X 10-2 



(99.73% C.L.) . (4.4) 



The results of the CHOOZ experiment have been 
confirmed by the Palo Verde experiment ^T\ , and 
by the absence of transitions in the Super- 
Kamiokande atmospheric neutrino data [ p8[ . 

An important consequence of the smallness of Ues 
is the practical decoupling of solar and atmospheric 
neutrino oscillations |3^, which can be analyzed in 
terms of two-neutrino oscillations with the effective 
mixing angles and iJa given by 



sin^ i^s 



If/e2p 



(4.5) 



Neglecting a possible small value of | Ues \ , the mixing 
matrix can be written as 



U: 




(4.6) 



with c§ = cos 7? and = sin ??. In this case, solar 
neutrino transitions occur from = cg^ Vi + s.jj^ V2 
to the orthogonal state —s^^v\ + ca^vi — c^f^v^ — 
SiJa'^t- Hence, the fractions of Ue and — > 

Vt transitions are determined by the value of the 
atmospheric effective mixing angle t^a- 

From the experimental best-fit value tJa = 7''/4 in 
Eq. ( |3.2| ), we see that solar Vf. transform approxi- 
mately into [Vf^ — Vr)/^/2, which is an equal super- 
position of and Vt- Since the suppression factor 
of solar z^e's measured in the charged-current SNO 
reaction is about 1/3 [ p^ , the flux of v,, , and v-j- 
on Earth is approximately equal. The mixing matrix 
is approximately given by 



U 




c^jV2 I/V2 
-c^jV2 I/V2J 



(4.7) 



Let us now consider the best fit value in Eq. (2.2) 
of the effective solar mixing angle, which implies that 
?9s — 7''/6, leading to the approximate bilarge mixing 
matrix 




1/2 
-\/3/2V2 I/V2J 



(4.8) 



4 



However, it is widely hoped that |t/e3p is not m uch 



smaller than the current upper limit in Eq. (4^), be- 
cause a non- vanishing value of Ues is essential for the 
possibility of measuring CP violation in neutrino os- 
cillations (mystery |(M5)| above, see Ref. |3^) and for 
the measurement of the sign of Arri^i, which distin- 
guishes the normal and inverted schemes in Fig. |^. 
The sign of Arn^i can be measured in long-baseline 
neutrino experiments through matter effects in the 
Earth, which need the participation to the oscilla- 
tions of Ve through Ue3 {Vfi and have the same 
neutral-current interaction with matter, whereas 
has also charged-current interactions; neutrino oscil- 
lations are affected only by the difference of interac- 
tions of different flavo rs) . 

The matrix in Eq. (4.8) can be considered as the 
approximate current best-fit mixing matrix. The 
limits on ?9s, ^^A and Ue^ in Eqs. (pl|), ( pTj ) and 
(4.4), respectively, allow to derive the following al- 
lowed intervals for the absolute values of the ele- 
ments of the mixing matrix (the intervals are corre- 
lated, because of unitarity): 



^0.71 - 
0.24- 
,0.24- 



0.90 0.43- 
0.66 0.40- 
0.66 0.40- 



0.69 0.00 
0.81 0.53 
0.81 0.53 



The best known way to inve stigate the Majorana 
nature of neutrinos (mystery (M2)| above) is the 
search for ncutrinoless double-/? decay, whose ampli- 
tude is proportional to the effective Majorana mass 



|(m)| 



k 



(4.10) 



for which the current experimental upper limit is 
between about 0.3 and 1 eV, taking into account a 
theoretical uncertainty of about a factor 3 in the cal- 
culation of the nuclear matrix element (see Ref. [^). 
In general, since the elements Uek of the mixing ma- 
trix are complex, cancellations among the contribu- 



tions of the three massive neutrinos are possible. 
The current allowed interval for |(to)| in the case 
of the two three-neutrino mixing schemes in Fig. |l| 
can be found in Ref. ||4l|| . 

Here let me consider the case of the natural 
s che me in Fig. with the neutrino rnass hiera rchy 
(4.2). In this case, the limits in Eqs. (2.1) and (3.1) 
imply that the contribution of mi to | (m) | is negli- 
gible and the absolute values of the contributions of 
7712 and TO3 are limited by 

1.5 X 10^3 cV < |C/e2"i2| < 9.5 X IQ-^eY, (4.11) 
|C^e3"i3| < 3.5 X lO-^eV. (4.12) 



Therefore, it is possible that the dominant contri- 
bution to comes from m2, and not from the 



largest mass TO3. If It/p^m pl ^ 



U^2 "^2 1 , there 

are no cancellations in Eq. ( 4.10 ) |}42| and the ef- 
fective Majo rana mass is expected in the interval 
in Eq. ( 4.11 ). Unfortunately, such values of |(m)| 
are beyond the reach of proposed experiments (see 
Ref. M). 



V. CONCLUSIONS 

The results of all neutrino experiments, except 
LSND, are in agreement with the hypothesis of 
three-neutrino mixing. If future data will confirm 
this scenario the most important phenomenologi- 
cal task will be to refine the measurement of the 
neutrino mixing parameters, especially the measure- 
ment of Ue3, whose value is related to the possibil- 
ity of distinguishing the two schemes in Fig. |l| and 
of measuring CP violation in neutrino oscillations. 
The measurements of the absolute scale of neutrino 
masses and of the effective Majorana mass in neu- 
trinoless double-/? decay seem to be more difficult 
tasks (beyond the reach of existing projects if t he 
neutrino masses satisfy the natural hierarchy (4.2)). 
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